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Summary
For developing T cells, coreceptor choice is matched
to T cell antigen receptor (TCR) MHC specificity dur-
ing positive selection in the thymus, but the mecha-
nism remains uncertain. Here, we document that
TCR-mediated positive selection signals inactivate
the immature CD8III enhancer in double positive (DP)
thymocytes, explaining in part the cessation of CD8
coreceptor transcription that occurs during positive
selection. More importantly, by placing CD4 protein
expression under the control of CD8 transcriptional
regulatory elements, we demonstrate that cessation
of CD4 coreceptor transcription during positive selec-
tion results in precisely the same lineage fate as
cessation of CD8 coreceptor transcription. That is,
MHC-II-signaled DP thymocytes differentiated into
CD8-lineage cytotoxic T cells, despite the MHC-II speci-
ficity and CD4 dependence of their TCRs. This study
demonstrates that termination of coreceptor tran-
scription during positive selection promotes CD8-lin-
eage fate, regardless of TCR specificity or coreceptor
protein identity.
Introduction
A competent immune system requires that mature T
cells coordinately express coreceptor proteins and
TCRs with matching MHC specificities so that CD4+ T
cells express MHC-II-specific TCRs and CD8+ T cells
express MHC-I-specific TCRs (Bosselut, 2004; Singer
and Bosselut, 2004). It is during positive selection in*Correspondence: singera@nih.govthe thymus that coreceptor choice is matched to TCR
MHC specificity, but the mechanism by which CD4/CD8
lineage choice is made remains unclear. The prevailing
concept holds that lineage choice is dictated by dif-
ferences in the signaling properties of the CD4 and
CD8 coreceptor proteins, as CD4 proteins transduce
strong coreceptor signals and CD8 proteins transduce
weak coreceptor signals as a result of their differential
assocation with the tyrosine kinase lck (Basson et al.,
1998; Hernandez-Hoyos et al., 2000; Itano et al., 1996;
Matechak et al., 1996). From this perspective, TCR +
CD4 coengagement transduces strong positive selec-
tion signals and induces CD4+8+ (DP) thymocytes to
differentiate into CD4 single positive (SP) T cells,
whereas TCR + CD8 coengagement transduces weak
positive selection signals and induces DP thymocytes
to differentiate into CD8SP T cells. However, we have
proposed a radically different concept, referred to as
“kinetic signaling,” to that of “strength of signal” to ex-
plain lineage choice in the thymus (Brugnera et al.,
2000; Singer, 2002; Singer and Bosselut, 2004). Kinetic
signaling postulates that CD4/CD8 lineage choice is not
determined by differences in the signaling properties of
CD4 and CD8 coreceptor proteins but rather is deter-
mined by differences in TCR signal duration due to the
kinetics of CD4 and CD8 gene expression during posi-
tive selection (Bosselut et al., 2001, 2003). In the kinetic
signaling model, all positively selected DP thymocytes
initially terminate CD8 gene expression to transcription-
ally convert into CD4+8− intermediate cells; lineage
choice is then determined by whether TCR signaling
persists or ceases in the absence of CD8 transcription.
TCR signal persistence results in differentiation of
CD4+8− intermediate cells into mature CD4+ T cells,
whereas TCR signal disruption results in coreceptor re-
versal and differentiation of CD4+8− intermediate cells
into mature CD8+ T cells (Singer, 2002; Singer and Bos-
selut, 2004).
The intrathymic signaling events that dictate CD4/
CD8 lineage choice must ultimately signal changes in
coreceptor gene transcription, and it is known that CD4
and CD8 coreceptor genes employ different strategies
of transcriptional regulation (Ellmeier et al., 1999; Ki-
oussis and Ellmeier, 2002). Tissue specificity is accom-
plished for the CD4 gene by a silencer element that
actively inhibits CD4 transcription in developing CD8-
lineage T cells (Leung et al., 2001; Sawada et al., 1994;
Siu et al., 1994), whereas tissue specificity is accom-
plished for the CD8 gene by different enhancer ele-
ments that actively promote CD8 transcription at dif-
ferent stages of CD8 T cell development (Ellmeier et al.,
1998, 1999; Hostert et al., 1998; Kioussis and Ellmeier,
2002). Both CD4 and CD8 coreceptor genes are ex-
pressed in unsignaled DP thymocytes, but DP thymo-
cytes terminate CD8 gene transcription in response to
positive selection signals (Bosselut et al., 2003; Brug-
nera et al., 2000; Cibotti et al., 2000; Suzuki et al., 1995).
In the present study, we have examined whether the
transcriptional control elements that differentially regu-
late CD4 and CD8 gene expression during positive se-
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76lection affect CD4/CD8 lineage choice. Specifically, we l
8placed CD4 expression under the control of immature
aCD8 transcriptional elements that are active during
cpositive selection of DP thymocytes (namely the E8III
Cenhancer and CD8α promoter) so that CD4 and CD8
1coreceptors would undergo similar transcriptional changes
mduring positive selection. We found that TCR-mediated
mpositive selection signals inactivate the E8III enhancer,
pexplaining in part why positively selected DP thymo-
ecytes initially terminate CD8 gene expression. In addi-
ction, we found that regulation of CD4 protein expres-
fsion by immature CD8 transcriptional control elements
reversed the usual lineage fate of MHC-II-selected thy-
Imocytes from CD4+ T cells with helper function to CD8+
MT cells with cytotoxic function, a result that provides
Timportant insights into the mechanism by which CD4/
8CD8 lineage choice is signaled in the thymus.
s
cResults
c
CExpression of the 8DP4 Transgene
win DP Thymocytes
lCD8 transcription is driven by a series of enhancer ele-
mments active at different stages of T cell development.
eOne of those enhancer elements (E8III) is active only in
aDP thymocytes (Ellmeier et al., 1998), and so we refer
mto it as the CD8DP enhancer. In the present study, we
uconstructed a transgene, “8DP4,” consisting of the
tCD8DP enhancer and CD8α promoter driving CD4
CcDNA expression so that CD4 expression would be reg-
culated by some of the same transcriptional control ele-
ements that regulate CD8 expression in DP thymocytes
t(Figure 1A). We then bred the 8DP4 transgene into mice
elacking endogenous CD4 expression [8DP4(CD4o)] so
ithat all CD4 expression would be under the control of
mthe CD8DP enhancer in the 8DP4 transgene.
l
Positive selection occurred in 8DP4(CD4o) mice, at
p
least as efficiently as in wild-type B6 mice, as revealed
n
by their frequency of TCRβhi cells (Figure 1B, top row). s
Because CD4 expression in 8DP4(CD4o) mice was con-
trolled by the CD8DP enhancer and CD8α promoter, p
CD4 protein expression was limited to DP thymocytes D
(Figure 1B, middle row) and so could not be used to i
identify CD4-lineage T cells among SP thymocytes or (
T cells. Consequently, to identify CD4-lineage T cells in r
8DP4(CD4o) mice, we introduced a CD4 reporter trans- s
gene (line 30) composed of CD4 transcriptional control n
elements (including the CD4 silencer) driving expres- s
sion of an indicator protein, human CD2 (hCD2) (Sa- 2
wada et al., 1994). The CD4 reporter transgene accu- t
rately reflects endogenous CD4 promoter activity in a
that hCD2 is expressed only in CD4+8+ and CD4-lin- b
eage αβ T cells in both the thymus and periphery, mim- T
icking endogenous CD4 expression (Figure 1B and Fig- U
ure S1 available in the Supplemental Data with this o
article online). For example, CD4+ B6 lymph node T C
(LNT) cells are hCD2+, whereas CD4− B6 LNT cells are c
hCD2− (Figure 1B, right panels). We then bred the CD4 C
reporter transgene into all experimental and control (
mice used in this study. i
As revealed by the CD4 reporter transgene, 8DP4 t
(CD4o) mice contained remarkably few CD4-lineage r
sT cells in either the thymus or (lymph node) LN. CD4-ineage T cells were identified in the thymus of
DP4(CD4o) mice as CD8−TCRβhihCD2hi and in the LN
s CD8−hCD2+ cells (Figure 1B). Only 1% of thymo-
ytes and 3% of LN cells in 8DP4(CD4o) mice were
D4-lineage T cells, far fewer than in B6 mice (Figure
B). In contrast, 8DP4(CD4o) mice contained many
ore CD8-lineage thymocytes and LNT cells than B6
ice (Figure 1B, bar graphs). Thus, control of CD4 ex-
ression by immature CD8 transcriptional regulatory el-
ments limited CD4 expression to DP thymocytes and
aused most positively selected thymocytes to dif-
erentiate into CD8-lineage T cells.
nactivation of the CD8DP Enhancer by TCR-
ediated Positive Selection Signals
o understand how control of CD4 expression by the
DP4 transgene affected lineage choice, it was neces-
ary to determine how 8DP4-encoded CD4 expression
hanged during positive selection. TCRlo DP thymo-
ytes from 8DP4(CD4o) mice expressed both CD4 and
D8 proteins, demonstrating that the 8DP4 transgene
as expressed in DP thymocytes prior to positive se-
ection (Figure 2A, top row). Positively selected DP thy-
ocytes were identified by increased TCR surface
xpression and were grouped by a computer cluster
nalysis program into four cell clusters of increasing
aturity based on increasing surface TCR levels (Fig-
re 2A, clusters 1–4). As TCR levels increased on posi-
ively selected DP thymocytes in 8DP4(CD4o) mice,
D4 and CD8 surface levels decreased (Figure 2A,
lusters 1–4). In other words, CD4 surface expression
ncoded by the 8DP4 transgene declined during posi-
ive selection in parallel with endogenous CD8 surface
xpression, diverging only when CD8-lineage cells re-
nitiated CD8 expression to become TCRhi CD8SP thy-
ocytes (Figure 2A, bottom row). That positively se-
ected DP thymocytes lost both surface CD4 and CD8
roteins in parallel indicated that positive selection sig-
als had inactivated both CD4 and CD8 gene expres-
ion in 8DP4(CD4o) DP thymocytes.
To more directly assess the affect of TCR-mediated
ositive selection signals on 8DP4 expression, purified
P thymocytes from 8DP4(CD4o) mice were stimulated
n vitro either by immobilized TCR-specific antibodies
anti-TCRβ + anti-mouse CD2) or by the pharmacologic
eagents PMA and ionomycin (P + I) (Figure 2B). As
hown in Figure 2B, both types of in vitro stimuli sig-
aled DP thymocytes to terminate CD8 gene expres-
ion and to convert into CD8− cells (Brugnera et al.,
000; Cibotti et al., 1997). However, P + I signaled all DP
hymocytes to become CD8− cells, whereas TCR-specific
ntibodies could only signal TCR+ DP thymocytes to
ecome CD8− cells, with the result that unsignaled
CR− thymocytes remained as CD4+8+ cells (Figure 2B).
nlike signaled DP thymocytes from B6 mice, which
nly terminated CD8 expression and converted into
D4+8− cells, it can be seen that signaled DP thymo-
ytes from 8DP4(CD4o) mice terminated both CD4 and
D8 expression and converted into CD4−8− thymocytes
Figure 2B). Notably, the CD4 promoter remained active
n both 8DP4- and B6-signaled cells, as they both con-
ained hCD2 RNA (Figure 2B, RT-PCR panels). These
esults demonstrate that TCR signals in DP thymocytes
pecifically terminate CD8DP enhancer activity.
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77Figure 1. Construction and Expression of the 8DP4 Transgene
(A) The endogenous CD8 gene locus is shown with vertical arrows indicating DNase hypersensitive sites (Hostert et al., 1997), circles indicat-
ing known transcriptional control elements (Ellmeier et al., 1997, 1998, 1999; Kioussis and Ellmeier, 2002), solid bars indicating exons, and
horizontal arrows indicating the direction of transcription. The 8DP4 transgene consisted of the E8III (DP) enhancer element ligated to the
CD8α promoter (and a murine CD4 splicing module [Ellmeier et al., 1997]) driving CD4 cDNA expression. Thus, the 8DP4 transgene encoded
CD4 proteins whose expression was regulated by immature CD8 trancriptional control elements and whose activity should be limited to
DP thymocytes.
(B) The 8DP4 transgene was introduced into CD4o mice (8DP4[CD4o]) that also expressed the CD4 reporter transgene (Sawada et al., 1994).
Analysis of thymocytes and LN cells revealed that, in 8DP4(CD4o) mice, CD4 proteins were only expressed on DP thymocytes, as expected.
In 8DP4(CD4o) mice, mature CD4-lineage T cells were identified in the thymus among CD4−8− thymocytes as TCRhihCD2hi cells and were
identified in LNs as CD8−hCD2+ cells. Numbers in boxes indicate the percentage of total cells in either thymus or LNs. Absolute numbers of
mature CD4-lineage and CD8-lineage T cells are displayed in the bar graphs.
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78Figure 2. TCR-Mediated Positive Selection Signals in DP Thymocyes Terminate 8DP4 Transgene Expression
(A) DP thymocytes from 8DP4(CD4o) mice that had received positive selection signals in vivo were identified by increased surface TCRβ
expression and were clustered by a computerized cluster analysis program (Murphy, 1985) into four subpopulations of increasing maturity
based on TCR levels. Single color histograms for TCRβ, CD4, and CD8α expression on each cluster are shown, and numbers in each
histogram represent surface fluorescence in linear fluorescence units (×10−5). To aid in visualizing where the clustered subpopulations would
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79the AND (Vα11 Vβ3 ) TCR transgene into 8DP4(β2mspite being CD5 , CD8SP thymocytes in 8DP4(β2m
appear in conventional thymus plots, we have superimposed each clustered subpopulation on a CD4 versus CD8 contour plot of the whole
thymus.
(B) Suspension cultures of DP thymocytes from 8DP4(CD4o) and B6 mice were stimulated overnight with either P + I or immobilized anti-TCR +
anti-CD2 mAbs and then allowed to recover from the stimulation in overnight cultures with only medium (Brugnera et al., 2000). Prior to
placement in overnight recovery cultures, stimulated thymocytes were stripped of preexisting CD4 and CD8 surface proteins by treatment
with extracellular pronase so that the coreceptor proteins they expressed in recovery culture were those they were actively synthesizing
(Brugnera et al., 2000). hCD2 RNA transcripts in recovery cultures were determined by RT-PCR and are shown for the indicated numbers of
cultured thymocyes.MHC-II-Specific Selection in the Thymus
We next wished to assess the affect of 8DP4-regulated
CD4 expression on MHC-II-specific selection in the thy-
mus. To do so, we introduced the 8DP4 transgene into
β2moCD4o double-deficient mice in which MHC-II mole-
cules were the only selecting elements, and all CD4
molecules were encoded by 8DP4 (Figure 3A). MHC-
II-specific positive selection occurred efficiently in
8DP4(β2moCD4o) mice, as their thymus contained TCRβhi
cells comparable in frequency (8%) and greater in num-
ber (13.9 versus 5.6 million) than β2mo mice expressing
endogenous CD4 molecules (Figure 3A, top row). Such
efficient positive selection was the result of 8DP4-
encoded CD4 expression, as nontransgenic β2moCD4o
thymocytes contained <1% TCRβhi cells (Figure 3A, top
row). Remarkably, even though positive selection in
both 8DP4(β2moCD4o) and β2mo mice was MHC-II spe-
cific, lineage choice was dramatically skewed in oppo-
site directions, as 8DP4 thymocytes differentiated pri-
marily into CD8SP cells, whereas β2mo thymocytes
differentiated primarily into CD4SP cells (Figure 3A, row
2). To quantitate and compare lineage choice, we de-
fined CD4-lineage T cells as CD8−TCRβhihCD2hi thymo-
cytes and defined CD8-lineage T cells as CD4−8+
TCRβhihCD2− thymocytes and applied these criteria to
all three mouse strains (Figure 3A). It was quite clear
that 8DP4 control of CD4 expression caused most
MHC-II-selected thymocytes to differentiate into CD8-
lineage T cells (Figure 3A, bar graph). Nevertheless,
8DP4(β2moCD4o) mice were found to contain a few
CD4-lineage T cells, but their frequency and number
only slightly exceeded that in nontransgenic β2moCD4o
thymocytes, which by definition, were CD4-indepen-
dent T cells, as they were generated without any CD4
expression whatsoever (Figure 3A, bar graph). We con-
clude from these data that most MHC-II-specific posi-
tive selection is CD4 dependent, but the lineage out-
come of CD4-dependent, MHC-II-specific positive
selection is dramatically affected by the duration of
CD4 expression on positively selected thymocytes.
We then compared unconventional MHC-II-specific
CD8SP thymocytes from 8DP4 mice and conventional
MHC-I-specific CD8SP thymocytes from B6 mice and
found that both cell populations were similarly hCD2−
(indicating CD4 promoter inactivation), TCRβhi, CD69
heterogeneous, and CD24lo (Figure 3A, bottom row).
However, these CD8SP thymocyte populations differed
from one another in that unconventional CD8SP thymo-
cytes expressed distinctly lower levels of CD5 than
conventional CD8SP thymocytes (Figure 3A, bottom
row), consistent with impaired TCR signaling as a result
of mismatching between MHC-II-restricted TCRs and
CD8 coreceptors (Azzam et al., 1998). Note that, de-
lo oCD4o) mice were TCRβhi and CD24lo and so were post-
selection thymocytes.
It might be argued that the generation of unconven-
tional CD8 T cells in 8DP4(β2moCD4o) mice was the re-
sult of quantitatively lower CD4 protein expression on
preselection DP thymocytes (Figure 3A). To exclude this
explanation, we assessed lineage choice in β2moCD4+/−
mice whose DP thymocytes expressed CD4 protein at
heterozygous levels (mean fluorescence intensity [MFI] =
214) that were even slightly lower than that on 8DP4
(β2moCD4o) DP thymocytes (MFI = 220) (Figure 3B).
Nonetheless, MHC-II selection in β2moCD4+/− mice re-
sulted in CD4SP T cells, whereas MHC-II selection in
8DP4(β2moCD4o) mice resulted in CD8SP T cells (Fig-
ure 3B). Thus, the outcome of MHC-II-specific selection
in 8DP4 mice was not due to lower CD4 protein expres-
sion on preselection DP thymocytes but was due to
control of CD4 protein expression by immature CD8
transcriptional regulatory elements that decreased the
duration of CD4 protein expression on positively se-
lected thymocytes.
In the thymus, the number of MHC-II-selected thymo-
cytes that differentiated into CD8-lineage T cells in
8DP4(β2moCD4o) mice was comparable to the number
of MHC-II-selected thymocytes that differentiated into
CD4-lineage T cells in β2mo mice (Figure 3C). However,
such comparability in cell numbers was not observed
in the periphery, as the number of CD8-lineage LNT
cells in 8DP4(β2moCD4o) mice was only 1/4 the number
of CD4-lineage LNT cells in β2mo mice (Figure 3C). This
discrepancy was consistent with impaired transduction
of peripheral survival signals in 8DP4(β2moCD4o) T cells
because of TCR/coreceptor mismatching (Ernst et al.,
1999; Tanchot et al., 1997). Indeed, introduction of a
prosurvival bcl-2 transgene, which should make periph-
eral CD8+ T cells less dependent on peripheral survival
signals, had the effect of increasing peripheral CD8+
T cell numbers in 8DP4(β2moCD4o) mice nearly 3-fold
(Figure 3C, asterisk). Although bcl-2 transgene expres-
sion can itself promote the generation of MHC-II-
selected CD8SP cells in the thymus, such bcl-2-
induced CD8+ T cells do not exit the thymus (Linette et
al., 1994) and, hence, do not account for the increased
numbers of CD8-lineage T cells in the periphery of
8DP4(β2moCD4o) mice. Rather, these results indicate
that CD8+ T cells with mismatched TCR/coreceptors
exit the thymus but are impaired in TCR-mediated sur-
vival signals and so survive poorly in the periphery
compared to conventional MHC-II-specific CD4+ T
cells.
To determine if thymocytes expressing a fixed MHC-
II-specific TCR transgene would also differentiate into
CD8-lineage T cells in 8DP4(β2moCD4o) mice, we bred
+ + o
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(A) To examine MHC-II-specific selection, the 8DP4 transgene was introduced into MHC-I and CD4 double-deficient mice (8DP4[β2moCD4o])
animals. Numbers in boxes indicate the percentage of total thymocytes. In all three mouse strains, CD4-lineage T cells were identified as
CD8−TCRβhihCD2hi thymocytes, and CD8-lineage T cells were identified as CD4−8+TCRβhihCD2− thymocytes, and their absolute numbers are
displayed in the bar graphs. In the bottom row, CD8SP thymocytes from 8DP4(β2moCD4o) (solid line) and B6 (dotted line) mice were compared
for expression of various differentiation markers.
(B) Thymocytes from 8DP4(β2moCD4o) and β2moCD4+/− mice expressing heterozygous amounts of CD4 were compared. The mean fluores-
cence intensities of CD4 expression on DP thymocytes from each strain are indicated.
(C) Absolute numbers (±SEM) of CD8-lineage and CD4-lineage T cells in thymus and LNs of the indicated strains are shown, and the numbers
of analyzed mice are indicated. The asterisk (*) indicates the absolute number of mature CD8+ LNT cells in 8DP4(β2moCD4o) mice that were
also transgenic for human bcl-2 (six mice were analyzed).
(D) The MHC-II-restricted AND TCR transgene was introduced into 8DP4(β2moCD4o) mice (AND.8DP4[β2moCD4o]), and the absolute numbers
(±SEM) of Va11hi CD4-lineage (open bars) and CD8-lineage (solid bars) T cells in thymus and LN from the indicated mice were determined.
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81CD4o) mice. Concordant with this expectation, we
found that Vα11hi cells expressing the AND transgenic
TCR in 8DP4(β2moCD4o) mice were CD8-lineage T cells
in both thymus and periphery, whereas cells expressing
the identical AND transgenic TCR in β2mo mice were
CD4-lineage T cells (Figure 3D). Thus, control of CD4
expression by the 8DP4 transgene reversed the lineage
choice of T cells expressing the MHC-II-specific AND
TCR transgene, as we had observed for thymocytes ex-
pressing polyclonal TCRs.
Reactivity of MHC-II-Selected TCRs on CD8+ T Cells
To determine if TCRs on unconventional (i.e., MHC-II-
specific) CD8+ T cells in 8DP4(β2moCD4o) mice were
functional despite TCR/coreceptor mismatching, we
assessed their ability to proliferate in response to the
superantigen SEA (Figure 4A). SEA stimulation requires
I-Ek antigen-presenting cells (APCs) such as those from
B10.A mice and activates T cells expressing Vβ3+,
Vβ10+, and Vβ11+ TCRs (Gascoigne, 1993). By measur-
ing proliferation of SEA-reactive T cells by CFSE dye
dilution, we found that the SEA response of unconven-
tional MHC-II-specific CD8+ LNT cells from 8DP4(β2mo
CD4o) mice was identical to that of conventional MHC-
II-specific CD4+ LNT cells from B6 mice (Figure 4A).
Next, to determine if TCRs on unconventional CD8+
T cells from 8DP4(β2moCD4o) mice were MHC-II re-Figure 4. TCR Reactivity of CD8+ LNT Cells
from 8DP4(β2moCD4o) Mice
(A) TCR reactivity of CD8+ LNT cells from
8DP4(β2moCD4o) mice to the superantigen
SEA was compared to that of CD4+ LNT cells
from B6 mice by assessing their proliferation
(as revealed by CFSE dye dilution) after 3
days of stimulation with (gray bar) or without
(open bar) I-Ek bearing B10.A-irradiated
APCs and 5 g/ml SEA (black bar). The indi-
cated T cell subpopulations were identified
at the end of culture by multicolor flow cy-
tometery and assessed for CFSE fluores-
cence. SEA specifically stimulates T cells
bearing Vβ3+, Vβ10+, and Vβ11+ TCRs, and
numbers in histograms indicate the percen-
tage of TCR-Vβ3+, Vβ10+, and Vβ11+ T that
had divided at least once.
(B) CD8+ LNT cells from 8DP4(β2moCD4o)
mice are MHC-II reactive. As in (A), except
that LNT cells were stimulated for 3 days
with syngeneic B6 (open bar) or MHC-II dis-
parate bm12 APCs (T-depleted, LPS-stim-
ulated, and mitomycin C-treated spleen
cells) in the presence (gray bar) or absence
(black bar) of MHC-II-specific anti-Aαb (Y3P)
mAb. At the end of culture, the indicated T
cell subpopulations were identified by multi-
color flow cytometery and assessed for
CFSE fluorescence. Numbers in histograms
indicate the percentage of the indicated T
cell subpopulations that had divided at
least once.active, we assessed their proliferative response to
MHC-II disparate bm12 stimulators (Figure 4B). We
found that the response of unconventional CD8+ T cells
from 8DP4(β2moCD4o) mice was identical to that of
conventional CD4+ T cells from B6 mice (Figure 4B).
Both responder T cell populations proliferated vigor-
ously in response to bm12, but not B6, stimulators, and
both anti-bm12 responses were abrogated by antibody
blockade of stimulatory AαbAβbm12 MHC-II complexes
on bm12 stimulator cells (Figure 4B). These responses
were MHC-II specific in that: (1) responder T cell pop-
ulations discriminated between bm12 and B6 stimula-
tors, which differ only by three amino acid residues in
the Aβ protein; and (2) anti-bm12 responses were
blocked by an anti-MHC-II mAb. It should be noted
that, in contrast to unconventional CD8+ T cells from
8DP4(β2moCD4o) mice, conventional CD8+ T cells from
B6 mice (which are MHC-I specific) failed to proliferate
against bm12 stimulators (data not shown). We con-
clude that TCRs on unconventional CD8+ T cells in
8DP4 (β2moCD4o) mice are functional and MHC-II re-
active.
Function of MHC-II-Specific CD8+ T Cells
Finally, we wished to determine whether unconven-
tional MHC-II-restricted CD8+ T cells possessed helper
function (and so resembled conventional MHC-II-spe-
Immunity
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Mtion (and so resembled conventional CD8+ T cells).
To evaluate helper function, we assessed the ability b
of LNT cells to upregulate CD40L (CD154) expression
in response to in vitro stimulation with the mitogen con- D
canavalin A (conA) (Figure 5A). Consistent with its being
a measure of helper function, CD40L was upregulated T
son CD4+ B6 T cells, but not CD8+ B6 T cells, even
though conA stimulated all T cell populations to upreg- i
tulate CD69 expression (Figure 5A). Most importantly,
conA stimulation failed to upregulate CD40L on uncon- C
wventional CD8+ T cells from 8DP4 (β2moCD4o) mice,
demonstrating that these cells do not possess helper n
tfunction (Figure 5A).
To evaluate cytotoxic function, we assessed the abil- C
tity of stimulated LNT cells to kill target cells by anti-
CD3-redirected cytotoxicity. We stimulated purified r
cLNT cells from 8DP4(β2moCD4o), B6, and β2mo mice
in vitro with immobilized anti-CD3 and anti-CD28 mAbs l
fand then assessed their ability to lyse 51Cr-labeled tar-
get cells in the presence or absence of anti-CD3 mAb p
t(Liu et al., 2002). As expected of conventional CD8+ and
CD4+ T cells, LNT cells from B6 mice were capable of a
ecytotoxicity, whereas LNT cells from β2mo mice were
incapable of cytotoxicity (Figure 5B). More importantly, T
unconventional LNT cells from 8DP4(β2moCD4o) mice
mediated strong cytotoxicity (Figure 5B). Purified CD8+ d
mT cells from 8DP4(β2moCD4o) and B6 mice had compa-
rable amounts of mRNA specific for perforin and ca- e
ithepsin W and had comparable amounts of perforin
protein (Figures S2A and S2B). T
tThus, diminished duration of CD4 expression during
positive selection induced by immature CD8 transcrip- p
htional control elements alters the lineage fate of MHC-Figure 5. MHC-II-Specific CD8+ LNT Cells
from 8DP4(β2moCD4o) Mice Possess Cyto-
toxic, but Not Helper, Function
(A) LNT cells (anti-Ig-depleted LN cells) from
B6 or 8DP4(β2moCD4o) mice were cultured
in the absence (dotted line, gray bar) or pres-
ence (solid line, black bar) of conA for 6 hr
and assessed for helper function by upregu-
lation of CD40L expression. At the end of
culture, the indicated T cell subpopulations
were identified by multicolor flow cytometery
and assessed for surface expression of
CD40L (CD154) (top panels) and CD69 (bot-
tom panels).
(B) MHC-II-specific CD8+ LNT cells possess
cytotoxic function. Purified LNT cells from
8DP4(β2moCD4o) (triangles), B6 (squares),
and β2mo (circles) mice were stimulated for 3
days with immobilized anti-CD3 + anti-CD28
mAbs and then assessed for ability to lyse
51Cr-labeled targets in a redirected cytotox-
icity assay in the presence (closed symbols)
or absence (open symbols) of anti-CD3 mAb
(Liu et al., 2002). Each data point represents
the mean (± SEM) of triplicate cultures. Data
from the effector:target ratio of 20:1 are
shown as a bar graph.I-specific thymocytes so that they differentiate into
HC-II-specific CD8+ T cells with cytotoxic function,
ut not helper function.
iscussion
he present study significantly advances our under-
tanding of the basis of the CD4/CD8 lineage decision
n the thymus. It documents that TCR-mediated posi-
ive selection signals in DP thymocytes terminate
D8DP (i.e., E8III) enhancer activity, explaining in part
hy CD8 coreceptor transcription is terminated in sig-
aled DP thymocytes. More importantly, by placing
ranscription of CD4 cDNA under the control of the
D8DP enhancer, this study demonstrates that cessa-
ion of either CD4 or CD8 coreceptor transcription in
esponse to TCR-mediated positive selection signals
auses signaled DP thymocytes to mature into CD8-
ineage cytotoxic T cells, regardless of the MHC speci-
icity of their TCRs and regardless of the coreceptor
rotein their TCRs require for ligand engagement. Thus,
ermination of coreceptor transcription by TCR-medi-
ted positive selection signals promotes the CD8-lin-
age fate decision in the thymus, independent of either
CR specificity or coreceptor protein identity.
The present study documents that transcription
riven by the CD8DP enhancer is terminated by TCR-
ediated positive selection signals. Although the CD8DP
nhancer is not the only CD8 enhancer element active
n DP thymocytes (Feik et al., 2005), its inactivation by
CR signals is concordant with termination of CD8
ranscription during positive selection. Putting CD4
rotein expression under the control of the CD8DP en-
ancer in the 8DP4 transgene permitted us to then de-
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tive selection would alter the lineage choice of MHC-II-
selected thymocytes. In 8DP4 thymocytes, CD4 sur-
face protein expression was found to steadily decline
during positive selection, as normally occurs only with
CD8 surface proteins (Bosselut et al., 2003; Lundberg
et al., 1995; Suzuki et al., 1995), demonstrating that the
CD8DP enhancer element alone can duplicate the be-
havior of the whole CD8 locus during positive selection.
The resulting change in CD4 surface expression during
positive selection had a dramatic effect on lineage
choice. Unlike MHC-II-selected thymocytes in β2mo
mice in which CD4 transcription was regulated by CD4
regulatory elements, most MHC-II-selected thymocytes
in 8DP4 mice differentiated into CD8-lineage T cells.
Despite different lineage choices, MHC-II-specific posi-
tive selection in both β2mo and 8DP4 mice was over-
whelmingly CD4 dependent, indicating that TCR + CD4
coengagements of intrathymic MHC-II ligands were re-
quired to initiate positive selection in both strains.
Thus, in 8DP4 mice, CD4-dependent positive selection
led to the generation of CD8-lineage T cells with cyto-
toxic, but not helper, function, consistent with the con-
cept that lineage choice determines T cell function as
well as coreceptor expression (Corbella et al., 1994).
We conclude that the TCR and coreceptor signals that
initiate positive selection do not dictate lineage choice,
as lineage choice is determined by the subsequent du-
ration of coreceptor expression during positive se-
lection.
Although the overwhelming majority of MHC-II-
selected thymocytes differentiated into CD8-lineage T
cells in 8DP4 mice, a small number of MHC-II-selected
thymocytes differentiated into CD4-lineage T cells, and
such cells were detected in both 8DP4 and nontrans-
genic β2moCD4o mice. Because these few MHC-II-
selected thymocytes were generated in the absence of
CD4 protein expression altogether in β2moCD4o mice,
they are likely the progeny of thymocytes bearing high-
affinity, CD4-independent, MHC-II-specific TCRs (Kao
and Allen, 2005). As a result, it is not surprising that
such CD4-lineage T cells survive effectively in the pe-
riphery of either 8DP4 or β2moCD4o mice, as their TCRs
can transduce MHC-II-specific survival signals even
without CD4 surface proteins.
The present study supports the kinetic signaling
model of lineage determination (Brugnera et al., 2000;
Singer, 2002; Singer and Bosselut, 2004), and its results
are most readily understood from that perspective (Fig-
ure 6A). In the kinetic signaling model, TCR-mediated
positive selection signals in DP thymocytes terminate
CD8 gene expression with the result that CD8 surface
protein levels steadily diminish on positively selected
thymocytes, eventually disrupting CD8-dependent, MHC-
I-specific signals but allowing CD8-independent, MHC-
II-specific signals to persist. Signal disruption results in
coreceptor reversal and differentiation into CD8-lineage
T cells, whereas signal persistence results in differenti-
ation into CD4-lineage T cells. Importantly, lineage
choice in the kinetic signaling model is determined sim-
ply by whether TCR-mediated positive selection signals
persist or cease. In the present study, control of CD4
transcription by the CD8DP enhancer in the 8DP4
transgene causes CD4 surface protein expression toparallel that of endogenous CD8 during positive selec-
tion, with the result that CD4-dependent (MHC-II-spe-
cific) positive selection (Figure 6A) has the identical lin-
eage outcome as CD8-dependent (MHC-I-specific)
positive selection (Figure 6B).
The present results demonstrate that termination of
coreceptor transcription during positive selection pro-
motes CD8-lineage fate by disrupting TCR signaling,
regardless of TCR specificity or coreceptor protein
identity. Our results are concordant with the recent
demonstration that premature termination of in vivo
TCR signal transduction by downmodulation of ZAP70
expression during positive selection causes MHC-II-
specific thymocytes to differentiate into CD8-lineage T
cells (Liu and Bosselut, 2004). Together, these two
in vivo studies demonstrate that TCR signal disruption
during positive selection for any reason results in CD8-
lineage fate. Importantly, we think that transient ter-
mination of CD8 coreceptor transcription during normal
positive selection causes TCR signaling to be disrupted
in CD8-dependent thymocytes and is the reason such
cells differentiate into CD8-lineage T cells. Notably, the
present study assessed the coreceptor requirements
for CD8-lineage determination but did not directly as-
sess the coreceptor requirements for CD4-lineage fate
determination. As a result, the present study does not
formally exclude the possibility that CD4-lineage choice
might require both TCR signal persistence and CD4 in-
structional signals to activate the CD4-determining
transcription factor ThPOK in CD4+8− intermediate thy-
mocytes (He et al., 2005; Sun et al., 2005). However, we
think that any requirement for CD4 instructional signals
in CD4-lineage determination has already been effec-
tively excluded by two other types of experiments: (1)
in CD4 null mice, high-affinity CD4-independent TCR-
MHC-II interactions can promote the functional genera-
tion of CD4-lineage T cells even in the complete ab-
sence of CD4 protein expression (Kao and Allen, 2005;
Locksley et al., 1993); and (2) in CD8αβ double trans-
genic mice, persistent CD8αβ expression throughout
positive selection promotes some MHC-I-specific thy-
mocytes to differentiate into CD4+ T cells (Bosselut et
al., 2001). And reciprocally, the appearance in CD4 null
mice of MHC-II-specific CD8+ T cells (Tyznik et al.,
2004) is also consistent with kinetic signaling, as many
MHC-II-specific thymocytes in CD4 null mice might
have TCRs with sufficient affinity to initiate positive se-
lection signaling but which are of insufficient affinity to
sustain intrathymic TCR-MHC-II interactions through-
out positive selection in the absence of CD4 coreceptor
proteins, resulting in TCR signal disruption and differ-
entiation into CD8-lineage T cells.
Our present findings demonstrate that coreceptors
enhance the initiation of positive selection and are im-
portant in determining lineage direction by affecting
TCR signal persistence or disruption during positive se-
lection. However, one implication of our present results
is that coreceptors may not be required for the late
stages of positive selection, as CD4 coreceptors were
not reexpressed on developing 8DP4 thymocytes after
8DP4 transgene expression was terminated. As a re-
sult, it is interesting to consider whether CD4 reexpres-
sion during the late stages of positive selection might
have redirected MHC-II-specific 8DP4 thymocytes to
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ptive Selection as Interpreted by the Kinetic Signaling Model
(A) MHC-II-specific positive selection in the mice used in this study.
eTCR-mediated positive selection signals were found to terminate
CD8DP enhancer activity in signaled DP thymocytes. The termina- d
tion by TCR signals of CD8DP enhancer activity, and perhaps the b
activity of other immature CD8 enhancer elements active in DP thy- m
mocytes, provides a molecular explanation for the initial cessation b
of CD8 gene transcription proposed by the kinetic signaling model
Mand provides an explanation for the results observed in this study.
iThe top panel schematizes MHC-II-specific selection in β2mo mice
in which CD4 protein expression is controlled by endogenous CD4
transcriptional regulatory elements. TCR and CD4 proteins on DP
thymocytes coengage intrathymic MHC-II-peptide complexes, gener-
wating positive selection signals that terminate CD8DP enhancer
activity and CD8 gene expression and causing signaled DP thymo- s
pcytes to differentiate into intermediate thymocytes that are tran-
scriptionally CD4+8−. Positive selection signals persist in intermedi- s
sate stage cells, because TCR and CD4 proteins can continue to
coengage their intrathymic MHC-II ligands despite absent CD8 c
pgene expression. Persistence of positive selection signals results
in differentiation into CD4-lineage helper T cells with MHC-II-spe- d
gcific TCRs.
The middle panel schematizes MHC-II-specific selection in 8DP4 o
C(β2moCD4o) mice in which CD4 protein expression is controlled by
immature CD8 transcriptional regulatory elements. TCR and CD4 p
mproteins on DP thymocytes engage intrathymic MHC-II-peptide
complexes, generating positive selection signals that terminate 8
(CD8DP enhancer activity. Termination of CD8DP enhancer activity
results in cessation of both CD4 and CD8 transcription, causing t
asignaled DP thymocytes to differentiate into intermediate thymo-
cytes that are transcriptionally CD4−8− (expressing decreasing s
nlevels of both CD4 and CD8 surface proteins). Positive selection
signals are disrupted in intermediate stage cells, because most t
rTCR proteins cannot continue to engage their intrathymic MHC-II
ligands in the absence of CD4 coengagement. Disruption of posi- n
stive selection signals results in differentiation into CD8-lineage cy-
totoxic T cells with MHC-II-specific TCRs. s
wThe bottom panel schematizes selection in β2moCD4o mice inng that positive selection was signaled by TCR CD4
hich CD4 proteins are never expressed. Only the few TCRs with
ufficiently high affinity to engage intrathymic MHC-II-peptide com-
lexes without CD4 coengagement are able to generate positive
election signals that terminate CD8 gene expression and cause
ignaled “DP” thymocytes to differentiate into intermediate thymo-
ytes that are transcriptionally CD4−8−. Positive selection signals
ersist in intermediate stage cells, because coreceptor-indepen-
ent TCRs continue to engage their intrathymic MHC-II-peptide li-
ands despite absent expression of either coreceptor. Persistence
f the positive selection signals results in the differentiation into
D4-lienage T cells with MHC-II-specific TCRs. Such CD4-inde-
endent positive selection would occur at low frequency in all three
ice, explaining the small number of CD4-lineage T cells in both
DP4(β2moCD4o) and nontransgenic β2moCD4o mice.
B) MHC-I-specific positive selection. TCR and CD8 proteins on DP
hymocytes engage intrathymic MHC-I-peptide complexes, gener-
ting positive selection signals that terminate CD8 gene expres-
ion. Selective termination of CD8 gene expression causes sig-
aled DP thymocytes to differentiate into intermediate thymocytes
hat are transcriptionally CD4+8−. Positive selection signals are dis-
upted in intermediate stage cells, because most TCR proteins can-
ot continue to engage their intrathymic MHC-I ligands in the ab-
ence of CD8 coengagement. Disruption of positive selection
ignals results in differentiation into CD8-lineage cytotoxic T cells
ith MHC-I-specific TCRs.ifferentiate into CD4-lineage T cells. This does not ap-
ear to be the case, however, as a transgene that spe-
ifically induces CD4 reexpression on 8DP4 thymo-
ytes during the late stages of positive selection fails
o alter the CD8-lineage choice of MHC-II-specific thy-
ocytes in 8DP4 mice (S.A. Adoro, B.E., S.D.S., and
.S., unpublished data), suggesting that at some point
fter TCR signal disruption, developing thymocytes are
rreversibly committed to the CD8-lineage, perhaps
hen they upregulate the transcription factor Runx3
Sato et al., 2005).
onsideration of Other Models
f Lineage Commitment
he present study importantly impacts on different
odels of CD4/CD8 lineage commitment. The stochas-
ic/selection model of lineage commitment cannot
ccommodate the present results, as a central require-
ent of stochastic/selection is that intermediate thy-
ocytes with mismatched TCR/coreceptors fail to re-
eive a TCR-mediated “rescue signal” and so die before
hey differentiate into SP thymocytes (Chan et al., 1993;
avis et al., 1993; Leung et al., 2001). In direct conflict
ith this requirement, MHC-II-selected CD8SP thymo-
ytes were found in large numbers in the thymus of
DP4 mice. In 8DP4 mice, TCR/coreceptor mismatch
aused no obvious difficulties for CD8SP thymocytes
ntil they emigrated into the periphery, where the inabil-
ty of their TCRs to transduce survival signals in re-
ponse to peripheral MHC-II-peptide complexes im-
aired their survival.
Similarly, we think that qualitative instructional mod-
ls of lineage commitment (in which lineage choice is
ictated by qualititatively different signals transduced
y CD4 and CD8 coreceptor proteins) cannot accom-
odate the present results (Itano and Robey, 2000; Ro-
ey et al., 1991; Seong et al., 1992). In 8DP4 mice,
HC-II-specific selection was CD4 dependent, indicat-
+
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85coengagements. We do not think it is possible to ac-
commodate the concept that such coengagements in-
struct DP thymocytes to differentiate into CD4-lineage
T
T cells with the observation that they in fact differenti-
ated into CD8-lineage T cells.
However, the present study is compatible with quan-
titative instructional models of lineage commitment in
which lineage choice is dictated by differences in the
duration of positive selection signals mediated by TCR +
CD4 versus TCR + CD8 coengagements (Yasutomo et
al., 2000), but it is not compatible with models in which
lineage choice is dictated strictly by the intensity of
positive selection signals (Basson et al., 1998; Hernan-
dez-Hoyos et al., 2000; Itano et al., 1996). Thus, the
popular strength of signal model of lineage commit-
ment can accommodate the present study if the defini-
tion of signal strength is expanded to include signal
duration, so that shortened duration of CD4 protein ex-
pression during positive selection in 8DP4 mice results
in disrupted positive selection signaling and differentia-
tion into CD8-lineage T cells. Importantly, however, the
classical strength/duration of the signal model requires
lineage choice to occur in DP thymocytes, not in
CD4+8− intermediate cells, and does not consider the
role played by asymmetries in CD4 and CD8 coreceptor
transcription during positive selection. Consequently,
strength of signal would not have predicted that the
CD8DP enhancer is inactivated by TCR-mediated posi-
tive selection signals and would not have predicted the
outcome of the present experiments.
In summary, the present study excludes both stochas-
tic/selection and qualitative instructional models of lin-
eage commitment, but it does not exclude quantitative
instructional models of lineage commitment.
Conclusions
The present study demonstrates that transcriptionally
regulated differences in the kinetics of CD4 and CD8
coreceptor expression during positive selection dictate
lineage choice. In particular, the present study supports
the concept that termination of coreceptor transcrip-
tion during positive selection is a major determinant of
CD8-lineage choice, regardless of TCR specificity and
coreceptor protein identity.
Experimental Procedures
Animals and Transgenic Constructs
C57BL/6 (B6), β2mo, bm12, and CD4o mice were purchased from
The Jackson Laboratory (Bay Harbor, ME). B10.A mice were ob-
tained from NCI-Frederick, MD. β2moCD4o double-deficient and
β2moCD4+/− mice were generated and bred in our own colony as
were mice transgenic for the AND TCR (Kaye et al., 1989). Mice
expressing the line30 CD4 reporter transgene (Sawada et al., 1994)
were provided by Dr. Dan Littman (NYU) and were the source of the
CD4 reporter transgene that was introduced by breeding into all
mice used in this study. hBcl-2 transgenic mice (Linette et al., 1994)
were kindly provided by Dr. Stan Korsmeyer.
The 8DP4 transgene was constructed as in Figure 1A by placing
murine CD4 cDNA under the control of a subfragment of the origi-
nal E8III/CD8 promoter transgene construct TG-31 (Ellmeier et al.,
1998). The schematic drawing of the construct in Figure 1A is not
to scale. Mice containing the 8DP4 transgene were identified by
PCR of tail DNA using primers 5#-AGTCGAGGCTGATCAGCGAG-3#
and 5#-GGCTGTGGCAGTGTCTACTG-3# in a 32 cycle PCR reaction
with an annealing temperature of 59°C. Transgenic mice were ge-notyped by PCR of tail DNA and confirmed to be CD4o by the pres-
ence of a 2 Kb knockout-specific band and the absence of an 0.3
Kb endogenous band with primers 5#-TTGGGGATGGTGTGTGA
GC-3# and 5#-AAGGAAGCTGAAGGGTGTGTAGCCTCTTAC-3#.
All mice were cared for in accordance with National Institutes of
Health (NIH) guidelines.
Antibodies
Monoclonal antibodies with the following specificities were used in
this study: Aβb (Y3P), CD3 (145-2C11, Pharmingen), CD4 (GK1.5,
Pharmingen), CD5 (53-7.3), CD8α (CT-CD8 α, Caltag), CD24 (M1-
69, Pharmingen), CD28 (37.51), CD69 (H1.2F3, Pharmingen), hCD2
(CD0215-4, Caltag), H-2Kb (AF6-88.5, Pharmingen), I-Aαb (25-9-17,
Pharmingen), TCRβ (H57-597, Pharmingen), CD154 (MR1, Phar-
mingen), and perforin (CB5.4, Kamiya Biomedical Company).
Immunofluorescence staining and flow cytometry were per-
formed as previously described (Brugnera et al., 2000). Where indi-
cated, fluorescence was quantitated into linear fluorescence units
by using an empirically derived calibration curve constructed for
each logarithmic amplifier used. Intracellular staining was per-
formed using the BD Biosciences Cytofix/Cytoperm Kit.
Cluster Analysis of Thymocyte Subpopulations
Automated cluster analysis, a methodology that statistically groups
events (cells) by similarities and differences of multiple parameters
assessed simultaneously, was performed by using computer soft-
ware designed and developed by the Experimental Immunology
Branch, National Cancer Institute, using K-means algorithms origi-
nally supplied by R. Murphy, Carnegie-Mellon University, Pitts-
burgh, PA (Murphy, 1985).
RT-PCR
Perforin and cathepsin W expression was assessed on purified
CD8+ T cells by RT-PCR with the following primers: for perforin, 5#-
CAAGCAGAAGCACAAGTTCGT-3# and 5#-CGTGATAAAGTGCGTG
CCATA-3#; and for cathepsin, W 5#-ATCTCGTCGGTCAAGAACCA-
3# and 5#-CCCCAGGAGTTCTTCAGGAT-3#.
Assays of Immune Function
For assessment of SEA responsiveness, CFSE-loaded LN cells
from 8DP4(β2moCD4o) mice and B6 mice were cultured (2 × 105)
with T cell-depleted, irradiated B10.A APCs (2 × 105) in the pres-
ence or absence of 5 g/ml SEA superantigen. On day 3, prolifera-
tion was assessed by CFSE dye dilution as determined by four-
color immunofluorescence for CFSE, CD4, CD8, and TCR-Vβ3,
TCR-Vβ10, and TCR-Vβ11. For assessment of MHC-II reactivity,
CFSE-loaded LN cells from 8DP4(β2moCD4o) mice and B6 mice
were stimulated with APCs (T-depleted, LPS-stimulated, and mito-
mycin C-treated spleen cells) from either B6 or bm12 mice. On day
3, proliferation was assessed by CFSE dye dilution as determined
by four-color immunofluorescence for CFSE, CD4, CD8, and TCRβ.
For assessment of helper function, T cells (Ig-depleted LN and
spleen cells) were cultured at 5 × 106 cells/ml in the presence or
absence of conA (Sigma L6397) at 10 g/ml as previously de-
scribed (Maruo et al., 1997). After 6 hr of culture, CD40L expression
was assessed by three-color immunofluorescence for CD154, CD8,
and hCD2, whereas activation was assessed by three-color immu-
nofluorescence for CD69, CD8, and hCD2. Immunfluorescence was
quantitated into linear fluorescence units by using an empirically
derived calibration curve constructed for each logarithmic ampli-
fier used.
For assessment of cytotoxic function, LNT cells (Ig-depleted LN
cells) were cultured at 106 cells/ml with 2 g/ml platebound anti-
CD3 and 5 g/ml soluble anti-CD28 mAbs. On day 3, stimulated T
cells were washed and cultured for an additional 2 days in 50 U/ml
of recombinant hIL2. On day 5, cells were assessed for redirected
cytotoxicity assay as previously described (Liu et al., 2002). Briefly,
Fas− L1210 target cells were 51Cr labeled, biotinylated, and then
streptavidin coated. Effector T cells from 5 day stimulation cultures
were mixed together with these target cells either in the presence
or absence of biotinylated anti-CD3 mAb (2.5 g/ml) for 4 hr, after
which supernatants were harvested and counted in a γ counter.
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